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Abstract: Several optical imaging techniques have been applied for high-resolution
embryonic imaging using different contrast mechanisms, each with their own benefits and
limitations. In this study, we imaged the same E9.5 mouse embryo with rotational imaging
optical coherence tomography (RI-OCT) and selective plane illumination microscopy
(SPIM). RI-OCT overcomes optical penetration limits of traditional OCT imaging that
prohibit full-body imaging of mouse embryos at later stages by imaging the samples from
multiple angles. SPIM enables high-resolution, 3D imaging with less phototoxicity and
photobleaching than laser scanning confocal microscopy (LSCM) by illuminating the sample
with a focused sheet of light. Side by side comparisons are supplemented with co-registered
images. The results demonstrate that SPIM and RI-OCT are highly complementary and could
provide more comprehensive tissue characterization for mouse embryonic research.

© 2017 Optical Society of America

OCIS codes: (110.4500) Optical coherence tomography; (170.2520) Fluorescence microscopy.
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1. Introduction

The mouse is the most common model of mammalian development due to its biological
similarity to humans and accessibility to numerous genetically engineered mouse (GEM)
models for simulating human pathologies [1, 2]. For instance, mouse embryonic research has
provided insight into the genetic and developmental etiology of congenital heart diseases [3,
4]. To better characterize the morphological alteration of embryonic structures, a wide range
of imaging techniques are available to study mouse embryonic development, including
ultrasound biomicroscopy (UBM), micro computed tomography (micro-CT), and micro
magnetic resonance imaging (micro-MRI). Each method provides different advantages based
on their underlying physical principles. UBM can achieve a typical spatial resolution of ~50
um using high frequency ultrasound (40-100 MHz), which is sufficient to observe gross
anatomical details [5]. Typical resolutions achievable by micro-CT are on the order of 100
pm, in live tissues; however, micro-CT has low intrinsic contrast in soft tissues.
Consequently, a relatively high radiation dose is necessary to achieve a sufficient signal-to-
noise ratio and tissue fixation is required for the highest resolution and signal-to-noise to be
achieved [6]. Micro-MRI provides high contrast and relatively high resolution (<100um), but
requires long acquisition times and is therefore unsuitable for real time imaging [7]. Optical
imaging modalities, such as confocal and multiphoton microscopy, provide the best
compromise of speed, resolution, and penetration depth at the scales necessary for dynamic
murine embryo imaging at cellular or sub-cellular resolution. Unfortunately, there is no single
technique that is capable of noninvasive, in vivo, whole-body imaging at subcellular
resolution with the ability to produce contrast from any structure of interest [8]. However,
complementary imaging techniques could be combined to provide additional information
inaccessible using a single method.

Optical coherence tomography (OCT) is a well-established imaging technique with
micrometer scale spatial resolution [9]. OCT was initially developed for applications in
ophthalmology [10], but has proven to be a powerful method for embryonic research [11]. It
is able to perform cross-sectional imaging by detecting backscattered light from samples
utilizing the principle of low coherence interferometry [9]. OCT is capable of noninvasive,
real-time, 3D imaging of tissue microstructure with micrometer-scale spatial resolution and a
penetration depth of ~1 to ~2 mm within highly scattering tissues. Because conventional OCT
suffers from limited imaging depth in scattering media, we have developed rotational imaging
OCT (RI-OCT) to increase the imaging depth. RI-OCT obtains structural information at four
orthogonal angles, which are then co-registered to form a single three-dimensional image.
The enhanced depth allows imaging of deeper structures, which is particularly beneficial for
later stage murine embryos [12].

In contrast to OCT, fluorescence imaging provides biochemical, metabolic, and molecular
information using fluorescent labels available through staining or using transgenic animals.
Fluorescent imaging is in common use and several techniques offer microscopic resolutions
and high throughput. Among them, selective plane illumination microscopy (SPIM) is a
promising fluorescence microscopic technique for studying murine embryonic development
[13]. SPIM, also called light sheet fluorescence microscopy or LSFM, uses a thin plane of
light to optically section samples labeled with a fluorophore. This technique provides
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comparable resolution to confocal microscopy at a much faster rate. SPIM is able to produce
high-quality and high-resolution serial sections with minimal photo-bleaching and photo-
toxicity [14], which makes SPIM a powerful technique for three-dimensional imaging [15].

With the aforementioned advantages, SPIM can image larger specimens, such as mouse
embryos, with sufficient (micrometer scale) resolution for fine structures. Thus, SPIM is well
suited for longitudinal imaging of developmental processes at multiple scales for
investigating of early embryogenesis. Its applications include imaging molecular interactions
and gene expression patterns [16], early developmental dynamics [17], and large fixed
specimens in foto [18]. When imaging thick and highly scattering samples, SPIM still suffers
from reduced lateral resolution. In contrast, OCT can capture morphological changes in deep
structures due to its reliance on both infrared light and the high dynamic range afforded by
coherence gating. In addition, the contrast in OCT images comes from the optical scattering
properties of tissue, and thus OCT can capture valuable structural features by depicting tissue
boundaries. For example, OCT has been frequently utilized to study embryonic heart
morphogenesis during cardiac looping process to understand the etiology of congenital heart
defects [19, 20]. Recently OCT was used to image the neural tube closure which is a critical
process in the development of neural tube defects [21]. Quantitative assessment of different
developmental processes, such as the formation of the brain and limb growth in normal and
pathological states has also be performed [22, 23]. Given their different contrast mechanisms,
the combination of OCT and SPIM can provide complementary information for a deeper
understanding of embryogenesis.

In this study, we have explored the feasibility of combining images acquired separately
with RI-OCT and SPIM from the same embryo. Preliminary testing was performed on
microbeads embedded in phantoms. Mouse embryos 9.5 days post-coitum (E9.5) were then
imaged by the two techniques and our results show great promise for multimodal imaging by
SPIM and OCT. Another benefit for combining both RI-OCT and SPIM is that sample
rotation could be performed so that each side of the sample is imaged with the highest
contrast.

2. Materials and methods
2.1 OCT and SPIM imaging systems

A schematic of the RI-OCT setup is illustrated in Fig. 1(a). The RI-OCT setup was based on a
commercial swept-source OCT (SS-OCT) system (OCS1310V2, Thorlabs, NJ, USA) with a
central wavelength of ~1300 nm, bandwidth of ~100 nm, and scan rate of 200 kHz. A scan
lens (LSMO03, Thorlabs, NJ, USA) was used in this system with an effective focal length of
36mm. The axial resolution of the SS-OCT system was measured at ~12 pum, and the
transverse resolution was about ~10 um, both in air. The imaging depth of the system was ~6
mm, with a ~120 um depth of focus. A square glass cuvette was mounted on a rotational stage
to hold the sample. Conventional 3D OCT structural imaging was performed on the sample as
the stage was rotated at four different angles with an interval of 90 degrees. The images were
then co-registered after acquisition.

The SPIM system was slightly modified from a commercial system (Lightsheet Z.1, Carl
Zeiss Microscopy, GmbH, Germany). The system splits fluorescence excitation and detection
into two separate paths, with the detection axis perpendicular to the illumination axis. The
sample was illuminated from both sides at 488 nm and 561 nm. The samples were imaged
with a 5X air detection objective (Plan-Neofluar N.A. of 0.16), with 5X (N.A. of 0.1)
illumination objective, respectively. The axial resolution (the thickness of the light sheet) was
5.2 pm and lateral resolutions (across the light sheet) was 1.3 um respectively, at a
magnification of 0.7 for the images taken with the 5X objective. The sample cuvette was
placed inside a water filled chamber and positioned precisely in three dimensions with
piezoelectric actuators. Half the sample was scanned through from one side with dual
illumination, then the sample was rotated 180 degrees and imaged from the other side with
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same settings. The dual illumination and imaging angles were fused after imaging using mean
fusion method in Zen 2.1 lightsheet software, where the pixel in the fused image is
determined by averaging the intensity level of the pixels for the involved views.

2.2 Phantoms

To investigate the feasibility of multimodal imaging with SPIM and OCT, a phantom was
prepared using fluorescence microbeads (various sizes of 10-20pum, 63-75um, 300-355pum
and 500-600pm) distributed in 1% (w/w) agar. The agar was then poured into a cuvette and
imaged after hardening using both techniques. Special care was taken to image the phantom
at the same position and orientation to ensure precise image registration.

2.3 Animals

Mouse embryos (strain 7g; e-globin-GFP) were imaged by both techniques. 7g; e-globin-
GFP is expressed in early erythroblast formation and previously used to study the role of
hemodynamic forces during embryonic development [24]. Paired matings were set up
overnight, and copulation was determined by the presence of a vaginal plug in the morning
(thus embryos were marked as E0.5). Embryos were dissected out of the mothers at E9.5 (9.5
days post-coitum) and imaged with RI-OCT and SPIM. Embryos were fixed for 2h in 4%
paraformaldehyde before being permeabilized in 1x PBS + 0.5% Triton X-100 (PBS-T). Non-
specific antibody binding was blocked with 2% bovine goat serum in PBS-T for 2h at 4 °C.
Embryos were incubated primary anti-PECAMI antibody (1:200, Mec13.3, BD Pharmingen)
diluted in blocking solution overnight at 4 °C. Primary antibody was counter stained with
Alexa Fluor 568 goat anti-rat secondary antibody (1:500, Invitrogen, Corp), which was
diluted in blocking solution for 1h at 4 °C. The embryos were first imaged by the RI-OCT
method, and then imaged using SPIM.

2.4 Image process and registration

Image acquisition and processing procedures for RI-OCT have been detailed in our previous
publication [12]. Briefly, RI-OCT acquires normal 3D OCT structural images at different
angles by rotating the sample, which is mounted on a rotational stage. After rescaling the
images to physical dimensions by correcting for refractive indices, the images were rotated
and co-registered based on the rotation and translation of the sample. For SPIM imaging, the
data sets acquired from both sides were initially aligned and combined with the instrument
software (ZEN, Carl Zeiss Microscopy GmbH, Germany). Manual image co-registration and
volumetric rendering of OCT and SPIM images were conducted in Amira (FEI Co., OR,
USA) after rescaling the images to physical dimensions. Both data sets were imported into
Anmira, rescaled to proper physical dimensions by setting pixel sizes, and translated/rotated to
achieve proper alignment. The transformation was edited interactively in the 3D viewer using
the Open Inventor draggers in Amira. The transformation parameters were adjusted until the
general contours overlapped. Finer alignment was performed by simultaneous visualization of
cross sections from two data sets. For 3D rendering of matched volumes, the OCT data was
assigned to the grey color channel, and the SPIM data was assigned to the red channel. The
intensity and opacity of each individual color channel were adjusted for better visualization.
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3. Results and discussion

Fig. 2. (a) 3D OCT and (b) SPIM imaging of beads phantom. (c) Cross-sectional OCT image
of selected plane. (d) Combined OCT and SPIM images of the same cross-sectional plane.
Scale bars are 500 pm.

Figures 2(a) and 2(b) show 3D rendering of the bead phantoms imaged using OCT and SPIM
(at an excitation wavelength of 488nm), respectively. Two large beads can be easily
identified, and their relative positions in the image is the same in the OCT and SPIM images.
Small microbeads (indicated by the yellow arrows and yellow dished circles) are also located
in the same relative positions in both images. Figure 2(c) is an OCT cross sectional image
from a selected plane, and Fig. 2(d) is same OCT cross sectional image overlapped with the
corresponding SPIM image, which indicates that the data from the two imaging modalities
can be well co-registered.

Figures 3(a)-3(d) depict volumetric renderings of the RI-OCT of mouse embryo obtained
from different angles, and Figs. 3(e)-3(h) are combined RI-OCT images from different views.
Figures 3(i) and 3(j) present the SPIM images of the embryos from opposite sides, and Fig.
3(k) and 3(1) show the merged SPIM images.
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Fig. 3. RI-OCT imaging of E9.5 mouse embryo at (a) 0 degree, (b) 180 degree, (c) 90 degree,
(d) 270 degree, (e-h) composite from all four angles. SPIM imaging of same embryo from (i)
one side, (j) opposite side, and (k-1) combined from both sides. Scale bars are 500 pm.

The co-registered OCT and SPIM images of an E9.5 mouse embryo are shown in Fig. 4.
Figure 4(a) presents a 3D RI-OCT rendering of the mouse embryo, Fig. 4(b) and 4(c) shows
the 3D SPIM images of same embryo excited at 488nm and 561nm, respectively. Figure 4(d)
presents the co-registered 3D OCT and SPIM images. Figures 4(e)-4(h) are co-registered
images from selected 2D cross-sections. Endothelial cells labeled by PECAMI1 show that the
embryo vascular structure can be visualized in high detail with SPIM. The vasculature is
widely distributed in the brain, spine, and tail of the embryo. Various embryonic structures
could be identified, such as the dorsal aorta, neuro lumen, and intersomitic vessel. Combined
with the e-globin-GFP excited at 488 nm, it is possible to see how blood was distributed in
different organs at the time of fixation. The brain had more erythrocytes trapped in the
microvascular network, and many erythrocytes were also found in the heart, limb, and dorsal
aorta. The PECAMI signal is much stronger in and around the heart due to the presence of
the rapidly developing cardiovascular system at this embryonic stage. From SPIM cross
sectional images, it is possible to visualize the internal and external structure of the heart.
GFP and PECAMI labeled cells show the myocardium and erythrocytes, while OCT can
reveal the heart wall thickness as indicated by the arrowhead in Fig. 4(e). However, the light
was aberrated due to the embryo tissue, resulting in blurring that is visible in the images,
particularly in the internal structures of the embryo. Clearing protocols can ameliorate this
issue, but their toxicity is not suitable for live imaging [25]. Moreover, most SPIM
publications focus on clear samples, such as zebrafish, which do not encounter such issues
during imaging [26, 27].
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Fig. 4. E9.5 mouse embryo. (a) 3D OCT image. (b) 3D SPIM image at an excitation
wavelength of 488nm corresponding to the e-globin-GFP cells (erythroblast). (c) 3D SPIM
image at an excitation wavelength of 561nm for PECAMI labeled endothelial cells. (d) 3D
registered OCT and SPIM image (see Visualization 1). (e-h) 2D OCT image registered with
SPIM image for various planes, and arrowhead points to the heart wall. DA: dorsal aorta,
HRT: heart, EPC: ectoplacental cone, NL: neuro lumen, NVN: neuro vascular network, ISV:
intersomitic vessel.

4. Discussion

In this study, both the structure and the vasculature of an E9.5 mouse embryo were imaged.
Major vasculogenesis and angiogenesis occur in the mouse embryo between E8.0 and E10.0,
during which time the vasculature develops from a simple circulatory loop into a complex and
fine structured system [28]. Therefore, E9.5 is a suitable stage to study vasculature
development. As discussed previously, optical clearing is usually necessary for SPIM
imaging for large and highly scattering tissues but is not suitable for in vivo applications. As
shown in this study, tissue scattering is not completely prohibitive for SPIM imaging of E9.5
embryos, and RI-OCT enables whole-body imaging of E9.5 murine embryos. Thus, the
combination of these techniques is suitable for embryos at this stage. However, imaging
whole, unmodified embryos at later developmental stages is still a challenge for SPIM and
RI-OCT.

Although OCT is also able visualize blood vessels in biological tissue with various
angiography techniques [29-31], it requires blood flow of a sufficient velocity to provide
contrast between surrounding tissues. In this preliminary study, the embryo was fixed in agar,
and thus was not suitable for angiographic imaging. The erythroblasts were labeled with GFP
for fluorescence imaging by SPIM and OCT-based angiographic techniques may not be able
to provide the spatial resolution of SPIM, with which each cell could be visualized and
tracked. However, OCT-based angiography is label-free, and we have shown a technique
capable of 3D video-rate volumetric speckle variance based angiography in vivo in cultured
mouse embryos [32]. The high temporal resolution of OCT is well-suited for studying the
dynamics in the embryo cardiovascular system, such as blood flow and heart function [33].
On the other hand, SPIM has the advantage of labeling multiple cell types of interest, which is
useful for studying the dynamics of cell migration and cell proliferation during embryo
development [34-36]. In SPIM, the imaging depth limits spatial resolution when imaging
thicker samples, as the signal gets weaker and scatters when imaging deep within the tissue.
Multiple methods have been developed to overcome depth limits, including double-sided
illumination, multiview acquisition, and clearing. However, multiview acquisition increasing
acquisition and processing time. Another method to improve the penetration depth of SPIM
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imaging is to utilize two-photon excitation. Truong et al. have demonstrated that two-photon
SPIM could achieve a penetration depth two times better than one-photon SPIM for imaging
of fly embryos [37]. Clearing is not suitable for live imaging, can quench fluorescence
signals, and only inorganic clearing solutions are compatible with the light sheet system.
Also, there is a trade-off between high spatial resolution and field of view. In this study, we
chose a large imaging field to capture the whole embryo at the cost of spatial resolution. A
larger field of view could be accomplished at a higher resolution by performing mosaic
imaging, but the trade-off would be an increase in the imaging and co-registration time. In
contrast, the spatial resolution of OCT is defined in the axial direction by the bandwidth of
the broadband source, and the transverse resolution and axial depth of field are defined by the
NA of the objective or scan lens. However, multi-focus scanning techniques such as Gabor
domain OCT or numerical re-focusing can overcome the limited depth of field from high NA
applications. Another solution is the use of non-diffracting beams, such as Airy beams [38].
Nevertheless, for early stage embryos (e.g. E9.5), a depth of field of a few millimeters is
sufficient for whole-body embryo imaging [12, 39].

In addition to OCT, optical projection tomography (OPT) is another powerful technique to
study the embryo morphology. OPT and SPIM have been combined for complementary
imaging of murine embryos and zebrafish [40, 41]. We have previously compared the
performance of OCT and OPT for imaging murine embryos, where we observed similar
results that OCT was unable to wholly image embryos beyond E9.5. OPT was able to image
entire later stage embryos (up to E13.5) but requires a lengthy clearing and fixation
procedure, while OCT can perform live imaging [39]. Although live OPT imaging of murine
embryos has been demonstrated, only a limb bud was successfully imaged [42].

In this study, the mouse embryo was fixed in agar to avoid any movement while moving
the sample between the two imaging systems. Embedding the sample in agar may be suitable
for samples such as zebrafish, but it is not applicable for murine embryos due to their rapid
growth and need for a controlled environment for ex utero culturing [34]. Our next step is to
combine the systems into a single instrument with synchronized acquisition to eliminate the
need for immobilizing the embryos and enable in vivo imaging. In the current work, a
commercial SPIM system was utilized, which is not convenient for integrating OCT. This
study has shown the feasibility of combining OCT and SPIM imaging of the same embryo for
the first time and lays the foundation for the development of a dual-modality OCT/SPIM
system. The same registration method could be directly applied to the dual modality system.
Our future work will focus on developing a customized SPIM system, similar to the Open-
SPIM, which will combine SPIM and OCT into a single multimodal embryonic imaging
system. The main advantage of a dual modality instrument is the elimination of transferring
the sample, ensuring that the embryo is imaged in the same conditions. Moreover, a dual
modality setup would enable easier live imaging by imaging the embryo in a culture medium,
which could provide a more robust growth environment. In addition, various parameters can
be analyzed with SPIM imaging such as cell proliferation, cell death, cell type identification,
and cell signaling, while OCT would provide complementary structural information. It will be
more beneficial for mouse embryonic developmental study.

5. Conclusion

In this study, we compared and combined images of GFP-expressing mouse embryos
obtained by RI-OCT and SPIM. Fluorescent microbeads and a E9.5 mouse embryo was
imaged with both imaging techniques, and the images were co-registered. The results show
that the images from both methods can be registered well after rescaling to physical
dimensions. RI-OCT provided high-resolution whole-body structural imaging of an E9.5
mouse embryo, and SPIM imaged the embryo vasculature with high resolution as well. Our
future work will be focused on integrating the two imaging systems into one dual-modality
setup.
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